G-protein-coupled receptors (GPCRs) form the largest superfamily of membrane proteins, and several GPCRs have been implicated in signaling between neurons and glia to protect neurons from pathological stresses. Here, we have used a screening strategy to investigate GPCRs that are involved in neuronal protection. The real-time PCR was performed using 274 primers targeting nonsensory GPCR mRNAs, which were listed on the database. The cDNAs from control and nerve-injured hypoglossal nuclei of mouse brain were used, and the alterations of PCR products were compared. This screen and the subsequent in situ hybridization screen exhibited six GPCR mRNAs which were prominently and convincingly induced in nerve-injured hypoglossal nuclei. Among these candidates, the chemokine receptor CCR5 was selected, based on the marked induction in CCR5 mRNA in microglia after nerve injury. The mRNA expression of ligands for CCR5, such as regulated on activation normal T-cell expressed and secreted (RANTES/CCL5), MIP-1␣, and MIP-1␤, were induced in injured motor neurons, indicating that CCR5 and its ligands were expressed in microglia and neurons, respectively, in response to nerve injury. In vitro, lipopolysaccharide (LPS)-induced expression of mRNAs for inflammatory cytokines (IL-1␤, IL-6, and tumor necrosis factor-␣) and inducible nitric oxide synthase (iNOS) in microglia were all suppressed by RANTES. Those suppressions were not observed in microglia from CCR5 null mice. In addition, nerve injury-induced motor neuron death seen in wild type C56BL/6J mice was accelerated in CCR5 knock-out C57BL/6J. These results may suggest that CCR5-mediated neuron-glia signaling functions to protect neurons by suppressing microglia toxicity.
Introduction
The bidirectional interactions between neuron and glia are crucial for maintaining normal neuronal activities such as signal transmission and plasticity (Araque et al., 1999; Perea and Araque, 2007) . This bidirectional interaction is also important for neurons under pathological conditions to be protected from various deleterious stresses and to regenerate their axons (Floyd and Lyeth, 2007) . However, the mediators between neuronal and glial cells and their functional consequences have not yet been fully revealed. To identify molecules that are associated with nerve regeneration, we have attempted transcriptomic and proteomic screenings, such as a differential display, expressed sequence tag (EST) approach, DNA microarray, and mass spectrometry analysis, using nerve-injured hypoglossal nuclei (Kiryu et al., 1995; Tanabe et al., 1999; Konishi et al., 2006) . Those screenings did provide us with several nerve injury-associated molecules and the mechanisms involved (Kiryu-Seo et al., 2000; Nakagomi et al., 2003; Namikawa et al., 2006) . However, most of those functioned in neurons, and molecules that mediated the neuron-glia signaling were less in number than expected. This prompted us to take an alternative approach focusing on G-protein-coupled receptor (GPCR) for the following reasons.
GPCRs are the largest family of membrane-bound receptors, and it has been estimated that more than half of all drugs target these receptors (Lagerstrom and Schioth, 2008) . Based on the identification of many novel GPCR sequences emerging from ESTs and other DNA sequencing programs, it has become clear that ϳ1000 -1700 GPCRs belong to this family (Foord et al., 2005; Bjarnadottir et al., 2006) . GPCRs are activated by a wide variety of ligand types, including ions, amino acids, light, lipids, nucleotides, peptides, and proteins (Lagerstrom and Schioth, 2008) . Recent evidence has revealed that some of those were in fact used as signal mediators between neurons and glial cells. For instance, an ATP receptor such as P2Y 12 (Haynes et al., 2006; Kettenmann, 2006 ) and a chemokine receptor such as CX3CR1 (Meucci et al., 2000) were expressed by microglia, and these signaling molecules functioned as a vital mediator between neurons and microglia in nerve regeneration and neuropathic pain sensation. It is therefore likely that additional GPCRs might be involved in the neuron-glia signaling pathway and may function in promoting the process of proper nerve regeneration. Although the number of putative GPCRs based on ESTs is ϳ800 in human and 1700 in mouse (Foord et al., 2005; Bjarnadottir et al., 2006) , the large population of GPCRs is assumed to be associated with olfaction, light, and taste sensations. The International Union of Pharmacology published a GPCR list containing 359 nonsensory receptors and 446 sensory GPCRs (7 opsin-like, 39 taste, and ϳ400 olfactory receptors) in human (Foord et al., 2005) , and Bjarnadó ttir et al. (2006) estimated 326 nonsensory GPCRs and 1371 sensory GPCRs (1037 olfactory, 34 taste, and 300 rhodopsin-like receptors) in mouse. These nonsensory GPCRs include previously characterized receptors for peptides, monoamines, amino acids, and purines as well as several orphan GPCRs. We thus estimated that, by preparing specific primers, PCR-based screening of those ϳ300 GPCRs was achievable and examined the gene expressions of those GPCRs in response to nerve injury using real-time PCR and tissues from the mouse hypoglossal nerve injury model. For this gene screen, we selected 274 primers, and those sequences were designed to target putative nonsensory GPCR mRNAs, which were listed on the database, including the orphan receptors but excluding sensory GPCRs. Using this screen, we have successfully identified candidate GPCRs, and we focused on a chemokine receptor CCR5 among the candidates and analyzed a functional significance of CCR5 as a signal mediator between neuron and microglia in nerve injury.
Materials and Methods
Animals. Seven-week-old male C57BL/6 mice (n ϭ 142) and CCR5-deficient mice (n ϭ 5) were anesthetized with pentobarbital (45 mg/kg, i.p.) and positioned supine; their right hypoglossal nerve was then cut with scissors. CCR5-deficient mice used in this study were established by Murai et al. (2003) . All mouse strains had an inbred C57BL/6 genetic background or had been backcrossed at least six times. This study was approved by the Animal Ethics Committee of Osaka City University, and all experiments were performed in compliance with institutional guidelines.
Histology. C57BL/6 mice were decapitated 0, 1, 3, 5, 7, 14, 21, 28, 35, 42, 49 , and 56 d after the operation (n ϭ 3 in each time point except 35 d; 35 d, n ϭ 8), and CCR5-deficient mice were decapitated 35 d after the operation (n ϭ 5). Brains were quickly removed and frozen in powdered dry ice. Sections, 13 m thick, were cut using a cryostat, thaw mounted onto 3-amino propyltriethoxysilane-coated slides, and stored at Ϫ80°C until use. The defined level of the hypoglossal nucleus was serially cut, and the serial sections were divided into six groups. Every sixth section was attached on the same slide. The adjacent section was placed on another slide from the next group, and accordingly six groups of slides from one animal were prepared.
Cell counts were done blind for treatment condition, using a well established counting method that effectively eliminated the possibility of counting the same cell twice (Clarke and Oppenheim, 1995) . According to the literature, the following criteria were used for counting valid cells: a large soma, a clear nucleus with an intact nuclear membrane, and at least one large clump of nucleolar material. For quantification of motor neuron survival after unilateral nerve transection, thionine-stained hypoglossal motor neurons in the right (operated side) and left (control side) hypoglossal nuclei were counted separately in every sixth section of each animal examined. Counts were performed using four independent groups of slides per animal. Data were presented as percentages of surviving neurons on operated and control sides. Statistical significance ( p value) was evaluated using the two-tailed Student's t test.
Real-time quantitative reverse transcription-PCR.
Real-time quantitative reverse transcription (RT)-PCR using the SYBR Green-based method was performed as described previously (Aoki et al., 2002) . Total RNA was isolated from the hypoglossal nuclei on either side from 100 mice 5 d after surgery (Tanabe et al., 1999) . These RNAs (16 g) were treated with DNase I and converted to cDNA with Superscript reverse transcriptase (Invitrogen) and random hexamer primers according to the instructions of the manufacturer. The efficiency of reverse transcription and the quality of cDNA were evaluated by PCR of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. Primers were designed for 274 mouse GPCR genes (supplemental table, available at www.jneurosci.org as supplemental material) in the GPCR database (http://www.gpcr.org/7tm/) using Primer Express software (PerkinElmer Life and Analytical Sciences). SYBR Green-based real-time RT-PCR was performed in 12.5 l reactions (ABI PRISM 7700 Sequence Detection System; PerkinElmer Life and Analytical Sciences). PCR products were analyzed by agarose gel electrophoresis (data not shown); we also verified products resulting from PCR with all primer sets. The primer sets that were not specific for target GPCR genes were redesigned and checked again by PCR, and these processes were repeated. Information on primer sequences can be obtained from S.A. (by e-mail: aokis@bio.kyutech.ac.jp). We further ensured that no bands resulted from PCR reactions containing primer sets and distilled water or nonreverse-transcribed RNAs (data not shown). The quantitative RT-PCR method (User Bulletin #2; Applied Biosystems) was modified to establish an expression level index for mRNA (Aoki et al., 2002) , and the SYBR Green signal for GAPDH (GenBank accession number BC083149; forward primer, 5Ј-gaaggtggtgaagcaggcatc-3Ј; reverse primer, 5Ј-ccactcttccaccttcgatgc-3Ј) amplicon was used as a reference. Amplification efficiency was determined in a control PCR experiment using serial cDNA dilutions as template. The real-time RT-PCR products were analyzed using the Applied Biosystems sequence detection system software version 1.7.
In situ hybridization. The following cDNA fragments were isolated by RT-PCR used as probes: CCR5, 1408 -2368 of GenBank accession number D83648; CCL3 (MIP-1␣), 81-359 of GenBank accession number NM_011337; CCL4 (MIP-1␤), 78 -356 of GenBank accession number NM_013652; and CCL5, 40 -315 of GenBank accession number NM_013653. These plasmids were linearized, and 35 S-labeled cDNA probes were prepared by in vitro transcription using SP6 or T7 RNA polymerase (Promega) and 35 S-UTP (PerkinElmer Life and Analytical Sciences). In situ hybridization (ISH) was performed as described by Kiryu et al. (1995) . Optical density of hybridization signal on film autoradiography was measured as an absolute value, using a computerized image analysis system (MCID; Imaging Research).
Semiquantitative RT-PCR. Total RNAs were isolated from the hypoglossal nuclei of 20 mice and primary culture of microglial cells and reverse transcribed, respectively, using superscript II (Invitrogen) and oligo-dT. Aliquots from the RT reaction were used for PCR amplification using primer pairs ubiquitously expressing GAPDH as a control. The specific primers for the mRNA of mouse MIP-1␣ (GenBank accession number NM_011337; forward primer, 5Ј-atgaaggtctccaccactgcccttgc-3Ј; reverse primer, 5Ј-tcaggcattcagttccaggtcagtga-3Ј), MIP-1␤ (GenBank accession number NM_013652; forward primer, 5Ј-atgaagctctgcgtgtctgccctct-3Ј; reverse primer, 5Ј-tcagttcaactccaagtcactcatg-3Ј), and regulated on activation normal T-cell expressed and secreted (RANTES) (GenBank accession number NM_013653; forward primer, 5Ј-atgaagatctctgcagctgccctc-3Ј; reverse primer, 5Ј-ctagctcatctccaaatagttgatg-3Ј) were used and amplified by PCR. The reaction products were electrophoretically separated on a 1% agarose gel and visualized by staining with ethidium bromide.
Combined immunohistochemistry and in situ hybridization. Immunohistochemistry was combined with ISH to identify the cellular source of CCR5 in the injured hypoglossal nucleus. Every sixth brain section was processed by the avidin-biotin method with peroxidase as a substrate, as described previously. Microglia were labeled with an antibody against iba1 (Wako Pure Chemicals). Briefly, sections were rinsed with potassium-PBS (K-PBS) and incubated with primary antibody. Sections were once more rinsed in K-PBS, incubated with biotinylated secondary antibodies (Vector Laboratories), and then rinsed again with K-PBS before a final incubation with an avidin-biotin-peroxidase complex (Vectastain ABC Elite kit; Vector Laboratories). After several washes in K-PBS, the brain slices were reacted in 0.05% diaminobenzidine and 0.003% hydrogen peroxide. Thereafter, sections were rinsed in K-PBS, mounted, desiccated, fixed in 4% paraformaldehyde, and digested by the proteinase K. ISH was performed according to the above description.
Microglial culture and anti-inflammatory assay. Microglia were obtained from a primary mix culture according to a previous report (Nakajima et al., 1992) . Briefly, cerebral cortices dissected from neonatal mice were dispersed with trypsin and DNase I. After 14 -21 d in culture, detached microglia were collected and used for the following assay. Microglia were plated on culture dishes, serum starved for 5 h, and treated with or without 1 g/ml lipopolysaccharide (LPS) for 6 h in the presence or absence of 0.5 g/ml RANTES, and then cells were used for RNA extraction. Antiinflammatory assay was performed by semiquantitative RT-PCR with the specific primers for the mRNA of mouse IL-1␤ (GenBank accession number NM_008361; forward primer, 5Ј-aagcaacgacaaaatacctgtggc-3Ј; reverse primer, 5Ј-agacacagattccatggtgaagtc-3Ј), IL-6 (GenBank accession number NM_031168; forward primer, 5Ј-gcagaaaacaatctgaaacttccag-3Ј; reverse primer, 5Ј-actccttctgtgactccagcttatc-3Ј), inducible nitric oxide synthase (iNOS) (GenBank accession number NM_010927; forward primer, 5Ј-gttccaggtgcacacaggctactc-3Ј; reverse primer, 5Ј-cttttttgccccataggaaaagac-3Ј), and tumor necrosis factor-␣ (TNF-␣) (GenBank accession number NM_013693; forward primer, 5Ј-accttgtctactcccaggttctcttc-3Ј; reverse primer, 5Ј-agagcaatgactccaaagtagacc-3Ј).
Results

GPCR screening
We designed 274 primers for mouse GPCR genes (supplemental table, available at www.jneurosci.org as supplemental material) in the GPCR database (http://www.gpcr.org/7tm/) using Primer Express software (PerkinElmer Life and Analytical Sciences). Among 274 genes, 29 genes were upregulated by more than twofold after hypoglossal axotomy (Table 1) , whereas 15 genes were downregulated by less than one-quarter ( Table 2 ). The upregulated gene group consisted of various types of receptors; receptors for monoamine (serotonin), neuropeptides [bradykinin, somatostatin, melanocortins, vasoactive intestinal peptide (VIP)/pituitary adenylate cyclase-activating polypeptide (PACAP)], purine (ATP/ADP), chemokine (RANTES, fractalkine), lysophospholipid (S1P), cannabinoid, prostanoid (prostaglandin E3), nicotinic acid, and trypsin-like protease, in addition to several orphan receptors (GPR84, EMR1, GPR34, CMKLR1, GPR35). Although no remarkable preference in terms of ligand species was seen, three purinergic receptors (P2Y 12 , P2Y 6 , and P2Y 13 ) and four neuropeptide receptors represented larger populations of groups. The nonsensory GPCRs are assigned to one of the four distinct classes of GPCRs on the basis of shared sequence motifs with a prototype of each class: classes 1-3 and Frizzled family GPCRs (Vassilatis et al., 2003; Foord et al., 2005) . Those 29 belong to either class 1 or class 2 GPCRs, and no receptors were assigned to class 3, in which receptors for amino acids such as glutamate and GABA were dominant, and Frizzled family. On the contrary, most of the downregulated receptors belonged to neuropeptide receptors; VIPR2 (VIP/PACAP), GALR3 (galanin), TRHR (TRH), SSTR3 (somatostatin), NMUR1 (neuromedin U), GALR2 (galanin), AGTR2 (angiotensin II), and OPRM1 (␤-endorphin) in addition to six orphans. Those also belonged to either class 1 or class 2.
In situ hybridization screening
The above listed GPCRs (29 upregulated and 15 downregulated) were further examined by ISH, using sections from unilateral hypoglossal nerve-injured mouse brain. We preferred the radio- active probe rather than a nonradioactive probe, because the sensitivity of the radioactive probe was apparently higher than the other. This ISH screening eventually addressed six upregulated and three downregulated GPCRs, which demonstrated prominent alteration and cellular localization of mRNAs on the emulsion autoradiography base (Table 3 , Fig. 1 ). The mRNAs for GPR34 (orphan), EMR1(orphan), CNR2 (cannabinoid), and ADORA3 (adenosine), which showed significant upregulation in ISH, were excluded from the final list, because the clear silver grain accumulations were not observed to determine cell species. Among the six upregulated GPCRs, F2RL1, which is a receptor for trypsin-like enzyme, and MC4R for melanocortin were expressed by nerve-injured motor neurons, because the silver grain accumulation was observed on large-sized cells (Fig. 1) . Conversely, mRNA hybridization signals for four other receptors, CCR5, CX3CR1, P2RY12, and GPR84, were all observed on small cells surrounding neurons, indicating those mRNAs were expressed by microglia. The hybridization signals of downregulated receptors AGTR2 for angiotensin II, TRHR for TRH, and VIPR2 for VIP/PACAP were clearly identified on the motor neurons of the control side (left), whereas no hybridization signals were identified on the neurons of the nerve-injured side (Fig 1 B, right), suggesting that those mRNAs were normally expressed by neurons and downregulated in response to nerve injury.
Expression of CCR5 ligands
Previous papers have demonstrated localizations and putative functions for CX3CR1 and P2Y 12 in microglia (Meucci et al., 2000; Haynes et al., 2006) , and GPR84 is an orphan receptor. Thus, in this paper, we focused on CCR5 and addressed the functional relevance in expression of CCR5 in response to nerve injury. We first confirmed the expression of CCR5 in microglia by examining a simultaneous expression of CCR5 mRNA by ISH and a microglial marker Iba1 by immunohistochemistry. The hybridization signal for CCR5 mRNA was obviously accumulated on microglial cells, confirming that CCR5 was expressed by microglia (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Next question was on ligands for CCR5 in the nerve-injured hypoglossal nucleus. To determine the existences and expression responses of the CCR5 ligands in nerve-injured hypoglossal nucleus, the expression of mRNAs for MIP-1␣, MIP-1␤, and RANTES (CCL5) were examined by ISH. Film autoradiography demonstrated apparent upregulation of all three mRNAs in the injured side of the hypoglossal nucleus, and subsequent emulsion autoradiography showed clear accumulation of silver grain on neurons (Fig. 2) . The increases of mRNAs were also proved by RT-PCR (Fig. 2) . Semiquantification of the optical density unit of the bands derived by RT-PCR demonstrated significant increases of mRNAs for the all ligands (optical unit mean Ϯ SD: RANTES, 100.195 Ϯ 11.865 in injured side vs 6.514 Ϯ 1.813 in control; MIP-1␣, 72.133 Ϯ 3.829 in injured vs 13.575 Ϯ 2.186 in control; MIP-1␤; 73.449 Ϯ 9.921 in injured vs 23.302 Ϯ 4.091 in control; t test, p Ͻ 0.001). The RT-PCR and ISH concluded that the RANTES mRNA induction was the most prominent among these ligands, and the mRNA expression was mainly observed in motor neurons. Furthermore, the expression profiles of mRNAs for CCR5 and ligands on film autoradiography (ISH) indicated that both RANTES and CCR5 mRNAs were upregulated substantially and in parallel after nerve injury (Fig.  3) . Those suggest that the RANTES-mediated chemokine signaling would function between neuron and microglia, and the next question is whether the ligands are playing a positive (prosurvival/nerve regeneration) or negative (neuron death/axon degeneration) role. Table 3 . GPCR genes that could be detected by in situ hybridization
RANTES suppresses inflammatory mediators through CCR5
Because the substantial and synchronized expressions of RANTES and CCR5 mRNAs in the early phase of the regeneration process suggested their functional implication in the neuron protection rather than the neurite elongation, we next examined the functional significance of the RANTES signaling in vitro using cultured microglia. To investigate a function of CCR5/RANTES (CCL5)-mediated signal on microglia, we first evaluated the effect of RANTES on the production of inflammatory mediators by microglia stimulated with LPS. Microglia from mouse brain was treated with RANTES when LPS was challenged to induce microglial activation. RANTES inhibited the production of mRNAs for the proinflammatory cytokines, such as IL-1␤ (by 20%), IL-6 (40%), and TNF-␣ (25%) (Fig. 4) . In addition, iNOS mRNA expression was also suppressed by 50% by the RANTES application (Fig. 4) . The suppression of mRNAs for inflammatory mediators by RANTES was also examined using microglia from CCR5 Ϫ/Ϫ mice. CCR5-deficient microglia did not show significant suppression of those inflammatory mediators (Fig. 4) , suggesting that the suppression of inflammatory mediators in microglia by RANTES was via CCR5.
Nerve injury-induced motor neuron death is accelerated in CCR5 knock-out mice Next, to evaluate the significance of CCR5-mediated anti-toxic function in animal, we examined the motor neuron survival after nerve injury using CCR5 Ϫ/Ϫ mouse. Motor neurons in the C57BL/6J mice strain are relatively susceptible to nerve injury, whereas rats and some other strains of mice were resistant to the insult (Kiryu-Seo et al., 2005 , 2006 . We thus hypothesized that the microglial toxicity by inflammatory mediators might be controlled by RANTES as is done by CX3CR1-mediated signal in microglia. Given the anti-toxic action by CCR5-mediated signaling, the microglial toxicity elicited by expression of inflammatory mediators may be exaggerated by the ablation of CCR5, leading to exacerbation of motor neuron survival after nerve injury. We then compared the survival of motor neurons between wild-type and CCR5 Ϫ/Ϫ mice after nerve injury (Fig. 5) . The nerve injury-induced motor neuron death progresses gradually, taking a few months, and finally Ͼ50% of motor neurons die. Thus, we took a time point at 35 d after axotomy, because Ͼ60% of neurons were still surviving at this time point. In CCR5 Ϫ/Ϫ mouse, 50.7 Ϯ 8.6% of motor neurons survived in the hypoglossal nucleus, whereas 64.4 Ϯ 11.8% of motor neurons survived in wild type ( p Ͻ 0.01, t test). This suggests that, although the difference of surviving motor neurons between wild-type and CCR5 Ϫ/Ϫ was not dramatic, the acceleration of cell death in CCR5 Ϫ/Ϫ is apparently significant.
Discussion
The present study demonstrated that CCR5/RANTES could be one of the signal mediators between neurons and microglia in response to nerve injury and that RANTES was capable of suppressing the expression of the inflammatory cytokines and iNOS, which are assumed to be toxic to neurons.
GPCR screen
One of the intriguing results in this study is that, among the six prominently upregulated GPCRs, four were expressed by microglia. We have taken some transcriptomic and proteomic approaches to identify nerve injury-associated molecules using the tissue from nerve-injured hypoglossal nuclei, and, using this approach, we have identified several molecules (Kiryu et al., 1995; Tanabe et al., 1999; Konishi et al., 2006) . In those previous screens, most of the molecules identified were expressed in neurons rather than in glial cells. This suggests that the population of GPCRs may be more abundant in microglia than in neurons. This is likely because monocytes and macrophages express an extensive repertoire of GPCRs that regulate inflammation and immunity (Lattin et al., 2007) . Although we eventually focused on six GPCRs after ISH screening, additional GPCRs such as the adenosine receptor ADRA3, cannabinoid receptor CB 2 , and orphan receptors EMR1 and GRP34, whose mRNA expressions were significantly upregulated in the real-time PCR base, were likely to be expressed by glial cells. The silver grains indicated those mRNA localizations that were intense and relatively even in the injured hypoglossal nucleus, and this pattern was of typical nonneuronal pattern, presumably astrocyte or microglia (Tanabe et al., 1999) , although the emulsion autoradiograms of those were not clear enough to determine exact cellular localizations of those mRNAs. It may be concluded that the GPCR screen performed here was of practical use in identifying functional receptors on microglia. Among four GPCRs expressed by microglia, the localizations and putative functions of CX3CR1 and P2RY12 were reported previously. CX3CR1 is characterized as fractalkine (CX3CL1) receptor, and the expression in microglia and its anti-inflammatory function have been reported (discuss later). P2RY12 is an ATP/ ADP receptor and is suggested to function in neuropathic pain in which the P2RY12 is expressed by microglia in the dorsal horn of spinal cord in response to sciatic nerve injury and plays a crucial role in the generation of neuropathic pain (Haynes et al., 2006; Kobayashi et al., 2008; Tozaki-Saitoh et al., 2008) . As for the orphan GPR84, the function is still obscure, although localization in microglia has been shown (Bouchard et al., 2007) . GRP84 was strikingly restricted to bone marrow-derived macrophages and microglia in an unstimulated state and was strongly upregulated by LPS in both bone marrow-derived macrophages and activated peritoneal macrophages (Lattin et al., 2008) . The similar induction of GPR84 in macrophage was consistently observed in an endotoxin shock model as well as in the experimental autoimmune encephalomyelitis model of multiple sclerosis, suggesting that GPR84 has a role in neuroinflammatory events (Bouchard et al., 2007) .
CCR5/CCL5 localization
Several studies have suggested that CCR5 is expressed by a variety of cells such as microglia, astrocytes, neurons, and endotherial cells (Rottman et al., 1997; Meucci et al., 2000; Kaul et al., 2007) . Our real-time PCR study apparently demonstrated the marked increase of mRNAs for CCR5 in nerve-injured hypoglossal nuclei. ISH demonstrated an increase and accumulation of silver grains on microglia, which localized adjacent to large motor neurons in response to nerve injury. This was also confirmed by simultaneous labeling with CCR5 hybridization signal and Iba1, a microglial marker of immunoreactivity. In contrast to the obvious increase of CCR5 mRNA signal on microglia, the silver grain accumulation on neurons and astrocytes was not clear in our emulsion autoradiography. Concomitantly, several reports addressed the expression of CCR5 in microglia and CCR5-mediated functions on microglia (Hanisch, 2002; Garden and Moller, 2006) . For instance, in human control and Alzheimer's disease (AD) patient brains, CCR5 were present on microglia, with increased expression on some reactive microglia in AD . These studies together with the present observations suggested that CCR5 is highly expressed by microglia in response to nerve injury, although CCR5 might also be expressed on other types of cells with lower levels of protein.
Ligands for CCR5, RANTES, MIP-1␣ and MIP-1␤ have been identified (Cocchi et al., 1995) , and their localization in CNS has also been widely reported in the literature. For instance, immunohistochemistry revealed the presence of MIP-1␤ predominantly in a subpopulation of reactive astrocytes, which were more widespread in AD than control brains, and MIP-1␣ predominantly in neurons and weakly in some microglia in both AD and controls . Another double-labeling study showed that MIP-1␤, but not RANTES, was expressed by reactive astrocytes near the lesion site (Ghirnikar et al., 1996) . RANTES immunoreactivity was observed in epineurial macrophage, and a weak positive signal was seen in perineurium, Schwann cell, and axon (Taskinen and Roytta, 2000) . RANTES protein was detected immunohistochemically in embryonic day 12.5 dorsal root ganglion and the cutaneous layers of the developing hindlimb (Bolin et al., 1998) . Thus, the great controversies on the localization of the ligands exist, and this is presumably attributable to the specificities of antibodies used, less amounts of those chemokines in CNS, and difference of experimental preparations such as in vivo and in vitro conditions. In terms of expression response to nerve injury, the increase of both CCR5 and RANTES mRNAs were shown in nerve-injured DRG neurons, although no mRNA expression was detectable in normal DRG neurons (Bhangoo et al., 2007) . Flügel et al. (2001) found RANTES mRNA expressed in motor neurons, but the level of expression and cellular distribution of RANTES was not altered by nerve injury (Flügel et al., 2001) . On the contrary, the present data demonstrated that hypoglossal motor neurons expressed mRNAs for RANTES in response to nerve injury, and this increase was confirmed by ISH and PCR. This discrepancy seen in the gene expression response may be attributable to the difference between motor and sensory neurons, a difference of nerve injury operations, or a difference of probes to detect mRNA. A slight but not significant increase of RANTES mRNA in nerve-injured motor neurons was actually seen in the study by Flügel et al. (2001) , although the quantitative analysis was not done. Immunohistochemical demonstration of RANTES was attempted using several commercially available antibodies, but we could not demonstrate clear localization of RANTES immunoreactivity. In any event, RANTES expression in nerve-injured motor neurons appears to be beneficial and sound.
Putative functions of CCR5/RANTES signaling CCR5 regulates both trafficking and effector functions of several immune cells such as Th1 cells, macrophages, NK cells, and immature dendritic cells (Balistreri et al., 2007) . Therefore, these two regulatory functions are plausible in nervous system as well. Microglia are capable of changing their morphology quickly in response to injury stimuli and migrating toward injured brain regions. In addition, previous studies demonstrated that microglia synthesize various inflammatory cytokines, nitric oxide, and trophic factors in response to physiological and pathological stimuli (Hanisch, 2002; Garden and Moller, 2006) . Those complicated features make their functional consequence obscure. The function of microglia is particularly unclear during motor neuron regeneration. In response to motor nerve injury, microglia located near the injured-motor neurons are activated and migrate toward the cell bodies of nerve-injured motor neurons. Those migrated microglial cells are then attached to the cell bodies of motor neurons and subsequently modify the surfaces by changing their morphology. As for the migration activity of microglia, CCR5 has been shown to be important in CNS using culture and slice preparations. In those experiments, a highly specific CCR5 antagonist, TAK-779, was used and demonstrated a significant reduction of the migration rate of microglia in CNS injury models (Marella and Chabry, 2004; Carbonell et al., 2005) . These studies highlighted the trafficking function of CCR5. However, in the motor nerve injury model, a series of microglial behavioral effects in response to nerve injury seemed normal even in CCR5 null mice, suggesting that CCR5-mediated signaling may not be a major chemotaxis factor for microglia, at least in the present experimental paradigm, although we could not demonstrate the time-lapse-based change of microglial morphology in vivo. This was also suggested by another in vivo study using a hippocampal denervated model in which the infiltration of both T cells and macrophages was observed in CCR5-deficient hippocampi, showing that CCR5 ligands (including RANTES/ CCL5) are not critical for the infiltration response (Babcock et al., 2003) . Perhaps other signal mediators such as ATP/ADP and MCP-1 would be major chemoattractants for microglia to respond to nerve injury because membrane ruffling and chemotaxis of microglia were induced by ATP or ADP via G i/o -coupled P2Y receptors (Honda et al., 2001) , and the receptor antagonists suppressed the migration of microglia (Tsuda et al., 2003) . Also, neither T cells nor macrophages infiltrated the denervated hippocampus of MCP-1 receptor (CCR2)-deficient mice, arguing for a critical role for the CCR2 ligand MCP-1/CCL2 in leukocyte migration (Babcock et al., 2003) . Those observations suggested the trafficking regulation function of CCR5 may not be crucial under the motor nerve injury condition, and an alternative principal function of CCR5 such as an effector function of microglia may be the case.
One of the plausible effector functions was inspired by an intriguing function of CX3CR1, which was demonstrated recently. CX3CR1 was shown to be upregulated in perineuronal microglia in response to nerve transection, and its ligand, CX3CL1 (flactalkine), was found to be constitutively expressed by neurons, although axotomy of peripheral nerve led to downregulation of CX3CL1 mRNA in motor neurons (Harrison et al., 1998) . This CX3CL1-CX3CR1 system was proved to be one of the major signaling pathways from neuron to microglia in response to nerve injury. CX3CL1 attenuates the secretion of IL-6 and TNF-␣, upregulation of iNOS in LPS-activated microglia, and production of IL-1␤ (Cardona et al., 2006) . Intriguingly, the present study revealed that RANTES has a similar function in which productions of IL-6, IL-1␤, TNF-␣, and iNOS were suppressed in LPS-activated microglia in vitro, although the precise mechanism underlying the suppression was unknown. Both RANTES and CX3CL1 are therefore advantageous to protect neurons from inflammation and oxidative stress originating from microglia. The simultaneous upregulation of both receptors, CCR5 and CX3CR1, in microglia together with the upregulation of RANTES in the injured neurons could suppress the toxicity of nerve injury-activated microglia. With these dual suppression mechanisms, nerve-injured neurons might be affected by relatively less microglial toxicity. This may lead to an accelerated death of nerve injury-induced motor neuron death in CCR5-deficient mice.
In conclusion, microglia assume both neurotoxic and neurotrophic phenotypes in response to nerve injury (Garden and Moller, 2006) . However, under certain conditions, such as peripheral nerve injury, some signal mediators from nerve-injured motor neurons to adjacent microglia seem to play an important role in the suppression of harmful side effects of the microglia, such as inflammatory cytokine release and the nitric oxide production. This suppression makes the protective function of microglia predominant, and thereby the motor neurons are able to survive longer after injury. The present mechanism underlying the suppression of microglial toxicity may provide a therapeutic potential for the progressive neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS), on the basis of the suggestion made by Boillee et al. (2006) that microglia have a central role in neuronal damage by secreting potentially neurotoxic molecules in ALS. Therefore, a manipulation of CCL5 as well as CX3CL1 signaling in those diseases may prove to be therapeutic by minimizing microglial hostile effects and enhancing their beneficial effects.
